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Abstract. We show that the requirements of renormalizability and
physical consistency imposed on perturbative interactions of massive vectorme-
sons fix the interactions essentially uniquely i.e. the physical particle content
together with renormalizability determines the theory. In particular physical
consistency requires the presence of at least one additional (scalar) degree of
freedom which was not part of the originally required physical particle content.
In its simplest realization (probably the only one) this is a scalar field as envis-
aged by Higgs but without the Higgs condensate. The result agrees precisely
with the usual quantization of a classical gauge theory by means of the Higgs
mechanism. Hence the principles of local quantum physics via Bohr’s corre-
spondence explain the gauge principle as a selection principle among the many
(semi)classical coupling possibilities. The statement that the renormalization
and consistency requirements of spin=1 QFT lead to the gauge theory struc-
ture may be viewed as the inverse of ’t Hooft’s famous renormalizability proof
in (quantized) gauge theories. We also comment on an alternative ghostfree
formulation which avoids ”field coordinates” alltogether and is analogous to a
perturbative version of the d=1+1 formfactor program.
1. Introduction
In the development of understanding of the renormalization aspects for spin=1 inter-
actions, the classical concepts of gauge and bre bundles have played a crucial role.
Without the closely related Higgs mechanism it would be hard to imagine, how in the
∗Work supported by the Alexander von Humboldt Foundation
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stage of QFT at the end of the 60ies, the incorporation of the electro-weak interaction
into the framework of renormalizable eld theory could have been achieved. In the
present article we will demonstrate that, although the Higgs mechanism via Higgs
condensates within the setting of gauge theories is an ecient mnemotechnical de-
vice for the rapid construction of the physical result, it has no direct intrinsic physical
content. Contrary to a widespread opinion within the physicists community, there is
no "gauge principle" in the physical sense or an intrinsic physical meaning for "Higgs
condensates".
We will show this by constructing the same physical results for interacting mas-
sive vectormesons in a quite dierent way which does not rely on the above concepts.
In our approach based on the well-known real-time causal formulation of perturba-
tive QFT, the renormalizability is the basic input requirement and the uniqueness
and its gauge appearance in terms of (quasi)classical approximations are the results;
with other words we would phrase the famous ’t Hooft statement that gauge struc-
ture implies renormalizability the other way around. Since quantum theory is more
fundamental than classical, this brings interacting vectormesons into harmony with
Bohr’s correspondence principle: it is the quantum theory which tells the classical
which possibility among many couplings involving vectors and lower spin elds) it
has to follow, namely the gauge invariant one.
We would not have gained much, and a cynic might claim that we have replaced
one mystery (the gauge mystery) by another one (the renormalization mystery), but
fortunately, we have some slightly more tangible results to oer. Our method brings
into the open the long looming suspicion that the appearance of additional physical
degrees of freedom (the alias Higgs particle but without vacuum condensates) is a
necessity, following from perturbative consistency up to second order (no claim outside
of perturbation theory is made!)1. In addition it suggests strongly that the physics of
zero mass theory should be approached from massive vectormesons, the latter being
conceptually (but not analytically) simpler. So as it happens often in physics, the
new aspect does not so much lie in the physical results as such, but rather in the
novel way in which they are obtained and in the interpretation associated with this
derivation.
Ever since theories in which vectormesons or higher spin particles became phys-
ically relevant in the late 50ies, there were two points of views to deal with such
problem: to start from the Wigner particle picture and stay close to particles and
scattering theory, or to quantize classical gauge eld theory (canonically or by func-
tional integrals) and to make contact with (infra)particles at a later stage. In fact
1Unfortunately this is not a structural theorem as e.g. the Goldstone theorem or the well-known
necessary appearance of particle creation in scattering processes which have a nontrivial elastic part
in d=3+1, but only a perturbative model dependent statement.
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Sakurai, who introduced the term \Yang-Mills theory" [?], and who wanted to use
quantized classical eld theory for the description of massive vectormesons in strong
interactions, encountered diculties to reconcile the two points of view. In most of
his contributions he therefore took a phenomenological non-geometric point of view.
This was particularly advisable since, as a result of some criticism of Pauli, the use
of the Yang-Mills model for the description of massive vectormesons was cast into
question.
The discovery of the electro-weak theory and the renormalization of Yang-Mills
theories [?] led to a drastic change of that picture. Whereas the rst point of view,
which tried to make the gauge principle for vectormesons pragmatically more palat-
able, found some protagonists (Lewellyn-Smith [?], Bell [?], Cornwall et al.[?]) mainly
in the early days of gauge theories, the gauge or Yang-Mills point of view enjoyed
general popularity and became the predominant one, irrespective of whether it could
be derived from a more particle dominated on-shell approach or not.
The main reason in favor of the gauge point of view was not only its success in
describing problems of quantum matter coupled to external electromagnetic elds as
well as its esthetical mathematical appeal (which contributed largely to the acquire-
ment of sophisticated knowledge which especially the younger generation of physicists
have about bre-bundles and to some degree also to the popularity it enjoys in math-
ematical circles), but rather the way in which, with some hindsight, it led physicists,
like a guardian angel, into the allegedly safe harbor of renormalizable perturbation
theories. It is probably not exaggerating to say that without its lead, Veltman and
’t Hooft would not have been able to nd the appropriate path into the problem of
spin=1 renormalizability which culminated in ’t Hooft’s famous demonstration.
This created, at least for some physicist, the, as we will show in this paper,
somewhat misleading impression that in addition to causality and spectral properties
the general framework of QFT needs another principle, namely the gauge principle, for
dealing with interactions. This way of thinking led eventually to the Higgs mechanism
for the generation of vectormeson masses from spontaneously broken gauge invariance
through \fattening via eating Goldstone bosons".
In this paper we propose a more intrinsic alternative framework which produces
the same physical (gauge invariant) results without relying on the \guardian angle of
gauge theory" but instead solely on the principles of (local quantum physics) (LQP).
It uses a simplied free form of the BRS formalism [?] for a cohomological extension
of the Wigner representation theory as a mathematically less formal operator substi-
tute for the Faddeev-Popov formal arguments [?] on functional representations. This
is motivated by renormalizability within the framework of causal perturbation (for
all practical purposes equivalent to the Lagrangian approach); our contention is that
with this proviso renormalizability of interacting massive vectormesons uniquely xes
the theory (including the necessity of containing additional Higgs-like matter content)
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in such a way that its (semi)classical and zero mass limit \explains" the quantum
origin of the classical gauge concept. We put the word \explain" in quotation mark,
because it basically reduces it to another not fully understood concept namely \renor-
malizability", with which we only feel more comfortable because it occurs on the more
fundamental level of local quantum physics where there is still a future chance for
a more profound understanding. It still possesses unsatisfactory (since nonintrinsic)
formal unphysical features (ghosts) in intermediate steps. A throughout physical
formulation requires to leave the framework of Feynman’s perturbation in favor of a
more on-shell formalism similar to that of (Kramers-Kronig) dispersion theory and is
not yet available (section 5)
Our approach of course does not contradict the gauge approach if, together with
the Higgs mechanism, one considers the gauge formalism as a mnemotechnical rule
which facilitates the construction of that unique (xed by the observable particle
content) massive selnteracting mesons within the renormalizable class (which would
have been unique even without the rule). If the spin=1 theory is xed already by
renormalizability, it does not harm to add an additional computational rule which (at
least for a majority of physicist) allows to speed up the calculation of the physical ob-
jects and creates additional condence by making the relation with classical Maxwell
theories more manifest. The gauge point of view becomes potentially harmful only
if one takes it literally as a statement of intrinsic physical meaning and thus substi-
tutes principles of local quantum physics by esthetical requirements from the theory
of bre bundles. We do not negate the crucial historical role which gauge theory via
functional integrals and Faddeev-Poppov determinants played in the formulation of
renormalization theory for spin=1 objects. However as mentioned already, today we
know how to reformulate this directly as a cohomological extension of the spin=1
Wigner particle theory in order to lower the formal operator dimension of free elds
from their physical value 2 to the formal value 1 without loosing their pointlike na-
ture. As will be seen, this allows an alternative formulation for interacting massive
vectormesons.
Most physicist have anyhow tacitly accepted the fact that there is only one renor-
malizable coupling of massive vectormesons and that consistency in second order
requires the presence of other physical degrees of freedom. The present treatment
puts this into evidence by dismissing the \gauge principle" as well as the Higgs mech-
anism as superfluous in favor of shifting more to the \renormalizability principle"
since one uses the latter anyhow for the lower spins. The only truly intrinsic property
of the massive case is the Schwinger charge screening as converted into a rigorous
theorem by Swieca. We prefer to talk about charge liberation in the massless limit
(taking the massive spin=1 theory as a reference) instead of charge screening of the
massive theory (with the charged massless theory as a reference).
In more recent times a similar point of view has been taken up by Aste, Scharf and
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one of the authors (M.D.) [?]. We feel however that their \free perturbative operator
gauge invariance", which is a pure quantum formulation of gauge invariance, is not
really going suciently to the physical heart of the matter in pure massive theories.
We will give preference to a perturbative approach of higher spin interactions using
only the principles within local quantum physics. According to our viewpoint the
above mentioned methods should be taken for what they are: technical shortcuts
which allow to retain the standard perturbative formalism, but not as additions to the
physical principles of local quantum physics. This may be somewhat surprising since
the use of common sense of classical eld theory would suggest that the number of
possibilities of admissable polynomial couplings should increase with spin and internal
multiplicities. This indeed applies up to spin=1/2, but beyond these low spins, the
consistency requirements together with renormalizability takes over and works the
other way around; namely to lower the number of possibilities; and for s>1 we do not
even know if there are any renormalizable theories in the sense of this paper2 .
To the extend that the reader considers those requirements on classical theories
which follow from the more fundamental quantum eld theory (imposing renormal-
izable perturbation) as more basic than those imposed by dierential geometry, the
gauge principle of classical theory is \explained" in terms of massive vectormeson
renormalizability in QFT3. In the following we collect the arguments underlying this
viewpoint. For pedagogical purpose and for reasons of brevity we exemplify our points
in a particular class of theories which are the simplest about which both points of
views can be expected to be applicable, namely selnteracting models of massive
vectormesons.
We want to stress that various aspects of this viewpoint are not new. As was
already mentioned Schwinger, in a little noticed paper and some more extensive
published lecture notes [?] thought about a massive phase in QED through the mech-
anism of charge screening but without (Higgs) vacuum condensates. In order to make
his nonperturbative ideas of (Maxwellian interaction= renormalizable) massive vec-
tormesons more palatable, he invented the 2-dim. Schwinger model4. Indeed as we
know nowadays, the charge screening mechanism is intrinsic [?], whereas the Higgs-
condensate mechanism is a mnemotechnical device going with a certain calculational
approach which easily adapt to our often \classical" brains, but there is nothing
2In a recent paper Scharf and Wellmann [?] have shown that there exists no renormalizable theory
for s=2 which satisfies (the free) perturbative (operator) gauge invariance.
3The minimal electromagnetic substitution law is a physical principle for external electromagnetic
fields and has, outside of canonical quantization, no direct consequence for s=1 massive particle
quantum fields.
4In fact in the Lowenstein-Swieca treatment of this model there is a chiral condensate (coming
from the θ-degeneracy), but after the dust has settled, the physical content is described in terms of
a massive free field only.
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physically intrinsic in those condensates, they rather depend totally depend on the
use of the standard prescription. As already mentioned in more recent times a direct
presentation of the massive case within the causal perturbation method without the
spontaneous symmetry terminology has been given by the University of Zu¨rich group
[?] (Du¨tsch, Scharf and Aste). We should mention that the point of view advocated
here (but perhaps not the detailed facts) is probably known to some people within
the community of LQP. It also has been mentioned in the setting of Schwinger’s work
and of general quantum eld theory by one of the authors (B. S) [?]. Some aspects
of it appeared in the work of Grigore [?].
Our presentation is organized as follows. In section 2 we review the causal ap-
proach for massive vectormesons and its simplication as a result of the existence of
a natural Fock reference space supplied by scattering theory. Our presentation uses a
simplied quadratic BRS formalism. As a justication for the introduction of ghost
elds we then describe the apparent clash between renormalizability and the operator
dimension dimA = 2 of the free vectormeson operators in the usual causal setting
and its resolution via cohomological extension i.e. the ghost stu (section 3). In the
fourth section we show that the consistency requirements of spin=1 interactions are
so strong that a list of the lowest dimension interpolating physical elds (the ones
which we want to describe in our model as observable particles) not only xes the
form of these elds in terms of the auxiliary \classical" unphysical elds (which may
be introduced already on the level of Wigner representation theory), but it also deter-
mines the form of the interaction density including the necessity of the perturbative
presence of a physical degree of freedom, the alias Higgs particle, but now without
its vacuum condensate. The argument is interesting in two aspects. On the one hand
it shows that the particle content via the associated interpolating elds limits the
possibilities of interaction for spin=1 particles much more severely than that of lower
spin particles. Secondly it demonstrates the inconsistency of perturbation theory
within the LQP setting without the appearance of an additional physical quantum
object, which by minimality assumption is a scalar particle and agrees with the one
described by the Higgs eld.
In the fth section we observe that general structural theorems of QFT in theories
with asymptotic completeness assure the existence of LSZ-type power series in terms
of the physical Fock space operators which in the previous BRS-like description were
composites involving unphysical elds (ghosts). However we do not know an iterative
law for the perturbative representation of the coecient functions which parallels the
standard iteration which uses time ordering or retarded products (for the elds). The
general LSZ-like identication of coecient functions of local elds involves multiple
commutators of the local eld [?] with the incoming free eld (generalized form-
factors). This scenario still holds, but its specialization to perturbation theory of
physical vectormesons does not lead to the standard o-shell Feynman rules in terms
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of the physical incoming elds. The reason for this complication, which prevents
the interchange of computations with the descend to the physical elds, is that the
Wick-basis used for writing the latter in terms of linear combinations of composites
(including ghosts) is not a natural basis for the physical elds (i.e. the elds which
commute with the BRS charge Q).
Section 6 contains some remark of where one has to look for, if one wants to have a
ghostfree formulation. In view of the fact that the previous sections have made clear
that ghosts behave in some sense like catalyzers5 in chemistry, this is not an academic
problem but really goes to the root of understanding of renormalizability for higher
spin where the standard causal approach breaks down. We are led to believe that such
an approach must bypass the transition operator S(g) and be on-shell i.e. directly
deal with the on-shell S-matrix and multiparticle formfactors of physical elds. Since
such a radical new formulation goes by far beyond the more modest goals set in this
paper, we propose to take up these problems in a future publication.
Recently there has been an approach to understand the local observable *-algebras
of nonabelian gauge theories without emphasizing the particle content, which in the
LPQ framework is anyhow part of the separate (in the algebraic approach) more dif-
cult representation theory associated with states on the algebra [?]. This approach
was specially aimed at the zero mass theories with infrared problems, because the
method does not require the existence of an adiabatic limit. In that case one cannot
use the scattering theory of the physical particles and the BRS operators cannot be
written as bilinear operators in free elds but they receive interacting contributions
in every order. Therefore one has to face the more dicult problem of a changing po-
sition of the physical cohomology space inside the extendend space depending on the
perturbative order. Whereas in the present case the conceptual (but not necessarily
analytical) simplicity of the massive case (existence of reference Fock space dened by
scattering theory) plays an important role and the emphasis lies more on the particle
side, the other approach relies on the dichotomy of algebras and states and the fact
that the local nets of observable algebras do not require the understanding of di-
cult infrared problems; they are rather part of the dicult extraction of the particles
characteristics from the local observable algebras. The present approach is in some
sense inverse in that one starts with the observable particle content and grafts it on
the existing BRS-extended framework of causal pertubations. The zero mass limit in
our approach is conceptually complicated because it leads to charge liberation (the
opposite of the Schwinger-Swieca charge screening) and the decoupling of the phys-
ical consistency (Higgs) degree of freedom. Those physical matter elds which will
5First one introduces them in order to lower the operator dimension of W to four by decreasing
the dimension of the vectorpotential (+ghosts) from two to one, and then in the cohomological
descend the physical operator dimensions increase again while the ghosts are getting eliminated.
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be charged in that limit cannot maintain their pointlike localization, rather it has
to be semiinnite spacelike (Mandelstam string-like). The linkage of these various
phenomena generates the hope that by controlling those o-shell infrared problems
which are necessary to implement this picture, one may actually get an insight into
this (even in perturbation theory) notoriously dicult localization structure.
Since we only consider the present formalism as transitory on our way towards a
completely ghostfree formulation, we did not try to invest much time in polishing our
sometimes very messy pedestrian calculations.
2. Consistent perturbative construction of the S-matrix for
massive gauge fields
The aim of this section is to construct the Stu¨ckelberg-Bogoliubov-Shirkov transition
functional S(g), which is the generating functional for the time-ordered products of
Wick polynomials. As most functional quantities this object is not directly observable
but it gives rise to fundamental physical observables as the S-matrix, formfactors
and correlation functions of observable elds. The notation should not be misread as
the S-matrix by which we always mean the scattering operator computed with the
LSZ or Haag-Ruelle scattering theory. Our model is that of selnteracting massive
vectormesons. Our procedure is related to the one of Scharf, Aste and the rst author
[?], but similarly to a previous discussion by the other author [?] and to Grigore [?]
as well as older articles as Lewellyn-Smith [?], we simply rely on physical consistency
within the framework of local quantum physics and do not require such technical
tools as "operator gauge invariance" although they tend to simplify calculations.
Using the Stu¨ckelberg-Bogoliubov-Shirkov-Epstein-Glaser method [?] [?] we make
the following perturbative Ansatz for S(g)










gj 2 S(R4), which is a formal power series in g. The unknown Tj1...jn are operator
valued distributions 6. They are constructed inductively by means of the following
requirements (strongly influenced by the general Wightman-framework [?]):
(A) Specification of the model in first order : The rst order expressions are
the main input of the construction. They specify the model and must be local:
[Tj(x), Tk(y)] = 0 for (x − y)2 < 0. We assume that T0(x)  W0(x)  W (x) is the
6For questions concerning domains we refer to [?]. For all operators which appear in sections 2
and 3 there exists a common dense invariant domain D and we restrict all operators to this subspace.
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physically relevant interaction density in Fock space (i.e. a Poincare covariant scalar
composite described by a Wick polynomial). Tj  Wj , j = 1, ..., G are auxiliary
interactions. The interaction Wj is switched by the space-time dependent coupling
"constant" gj 2 S(R4). The physically relevant S-matrix is obtained in the adiabatic
limit: g0 ! const., gj ! 0, j = 1, ..., G.
(B) Permutation symmetry : Due to the Ansatz (1) we may require permutation
symmetry
Tjpi1...jpin(xpi1, ..., xpin) = Tj1...jn(x1, ..., xn), 8pi 2 Sn. (2)
(C) Causality :
S(g(1) + g(2)) = S(g(1))S(g(2)) if [j supp g(1)j \ ([j supp g(2)j + V−) = ;.
(3)
This requirement is equivalent to (see the appendix of [?]) 7
Tj1...jn(x1, ..., xn) = Tj1...jl(x1, ..., xl)Tjl+1...jn(xl+1, ..., xn) (4)
if
fx1, ..., xlg \ (fxl+1, ..., xng+ V−) = ;.
This means that Tj1...jn(x1, ..., xn) is a (well-dened) time ordered product of Wj1(x1),
...,Wjn(xn). Hence we use the notation
Tj1...jn(x1, ..., xn) = T (Wj1(x1)...Wjn(xn)) (5)
Due to the induction with respect to the order n, the Tj1...jn are uniquely xed by
causality up to the total diagonal n = f(x1, ..., xn)jx1 = x2 = ... = xng. The
extension of the Tj1...jn to the total diagonal is nonunique. It is restricted by the
following normalization conditions:
(D) Poincare´ covariance;
(E) Unitarity : S(g)−1 = S(g) for g = (g0, 0, ..., 0), g0 real valued;
7The non-trivial part of this equivalence is that in the n-th order expression of (3) only special
testfunctions appear, whereas (4) holds on S(R4n).
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(F) Scaling degree: The degree of the singularity at the diagonal, measured in
terms of Steinmann’ scaling degree [?][?]8, may not be increased by the extension.
This ensures renormalizability by power counting if the scaling degree (or ’mass di-
mension’) of all Wj is  4. This degree is a tool which is related to Weinberg’s power
counting.
Additional normalization conditions must be imposed, if one wants to maintain
further symmetries or relations 9, e.g. discrete symmetries (P,C,T), ’operator gauge
invariance’ (??-??) or the eld equations of the interacting elds ((N4) in [?]), which
can be obtained from the functional S(g) (1) by Bogoliubovs formula (see sect.4).
The existence of the adiabatic limit restricts the extension additionally: for pure
massive theories Epstein and Glaser [?] proved that, with correct mass and wave
function (re)normalization the adiabatic limit of the functional S(g) exists in the
strong operator sense and it is this limit which we call ’S-matrix’. More precisely




exists 8ψ 2 D, where g0 2 S(R4), g := g0(0) > 0 is the coupling constant and Sn(g)
(Sn resp.) denotes the n-th order of the functional S(g) (S-matrix resp.). It follows
that the S-matrix is unitary as an operator valued formal power series in Fock space
[?]: S =
∑
n Sn, Sn  gn, SS = 1 = SS on D.
Due to this fact we solely consider models in which all elds are massive. In order
that it makes physically sense to consider the S-matrix, we assume that there are no
unstable physical particles as e.g. the W- and Z-bosons in the electroweak theory.
In gauge theories the crucial problem is the elimination of the unphysical degrees
of freedom. In the S-matrix framework this problem turns into the requirement that
the S-matrix induces a well-dened unitary operator on the space of physical states
(this is discussed in detail below). We will see that this condition is very restrictive:
it determines the possible interactions to a large extent.
Let us rst consider the free incoming elds. We quantize the free gauge elds
(Aµa)a = 1, ...,M in Feynman gauge
(+m2a)Aµa = 0, [Aµa(x), Aνb (y)] = igµνδabma(x− y), Aµ a = Aµa , (7)
8We adopt here the notion ’scaling degree’ to operator valued distributions by using the strong
operator topology. Note that the scaling degree of a Wick monomial agrees with its mass dimension.
9We consider symmetries and relations which are satisfied away from the total diagonal, due to
the causal factorization (5) and the inductive assumption. Poincare´ covariance (D) and unitarity
(E) are of this type.
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where m is the Pauli-Jordan distribution to the mass m. The representation of this
*-algebra requires an indenite inner product space. We, therefore, work in a Krein
Fock space F . We denote the scalar product by (., .) and A+ is the adjoint of A
w.r.t. (., .). Let J be the Krein operator: J2 = 1, J+ = J . Then the indenite inner
product < ., . > is dened by
< a, b > (a, Jb), a, b 2 F (8)
and  denotes the adjoint with respect to < ., . >:
O  JO+J, < Oa, b >=< a,Ob > (9)
Let Q be an (unbounded) *-symmetrical nilpotent operator in F
Q = Q (on the dense invariant domain D), Q2 = 0 (10)
By means of Q2 = 0 one easily nds that D is the direct sum of three, pairwise
orthogonal (w.r.t. (., .)) subspaces [?][?]
D = ranQ (ker Q \ kerQ+) ranQ+ (11)
ker Q = ranQ (kerQ \ kerQ+), kerQ+ = ranQ+  (kerQ \ ker Q+) (12)
In addition we assume
J jker Q\ker Q+ = 1 (positivity assumption) (13)
Then the < ., . >-product is positive denite on
Hphys  kerQ \ kerQ+ (14)
and Hphys is interpreted as the physical subspace of F . We denote the projectors on
ranQ (Hphys, ranQ+ rsp.) by P− (P0, P+ rsp.)
1 = P− + P0 + P+ (on D) (15)
